Abstract This paper evaluated the impacts of climate change mitigation technology options on CO 2 emission reductions and the effects of model representations regarding renewable intermittency on the assessment of reduction by using a world energy systems model. First, different diffusion scenarios for carbon dioxide capture and storage (CCS), nuclear power, and wind power and solar PV are selected from EMF27 scenarios to analyze their impacts on CO 2 emission reductions. These technologies are important for reducing CO 2 intensity of electricity, and the impacts of their diffusion levels on mitigation costs are significant, according to the analyses. Availability of CCS in particular, among the three kinds of technologies, has a large impact on the marginal CO 2 abatement cost. In order to analyze effects of model representations regarding renewables intermittency, four different representations are assumed within the model. A simplistic model representation that does not take into consideration the intermittency of wind power and solar PV evaluates larger contributions of the energy sources than those evaluated by a model representation that takes intermittency into consideration. Appropriate consideration of renewables intermittency within global energy systems models will be important for realistic evaluations of climate change mitigation scenarios.
Introduction
Wide diffusions of climate change mitigation technologies are required to achieve ambitious reductions of greenhouse gas (GHG) emissions. Technologies for energy efficiency improvements, carbon dioxide capture and storage (CCS), nuclear power, and renewables such as wind power and solar PV, in particular, are expected to be indispensable technologies for ambitious CO 2 emission reductions. However, future costs are uncertain and various kinds of barriers to the diffusion of these technologies are widespread, so that their future diffusion is not assured, even under ambitious emission reduction targets.
Large potentials for energy savings resulting from the adoption of high energy efficiency technologies are achieved with negative costs when the potentials are estimated using a certain social discount rate and lifetime of technologies. However, various kinds of diffusion barriers exist. For example, Sorrel et al. (2000) reported diffusion barriers from economic, behavioural and organizational perspectives. The observed discount rates in the private sector are much higher than the social discount rate owing to these barriers. Consideration of these barriers is important for assessment of climate change mitigation technologies.
For CCS, Flannery (2011) has pointed out the barriers to CCS deployment generally. The reason for utilizing CCS is to reduce CO 2 emission solely for climate policies, although some exceptions exist (e.g., enhanced oil recovery operations). Therefore, the CCS investment risks will be higher than those for other mitigation technologies, such as high energy efficiency technologies, if climate policies are unstable (Oda and Akimoto 2011) . In addition, the uncertainties related to geological storage will be larger than those associated with engineering plants. Liability for safe and very long-term CO 2 storage will be important for CCS, while there is a lack of experience with large-scale CCS at this time. Public acceptance issues will be affected by that liability and will also be a risk for the CCS business.
Nuclear power, with which there has been more experience compared with large-scale CCS, faces public acceptance issues due to risks of radioactive material release and nuclear proliferation. Since the Great East Japan Earthquake and the subsequent disaster of the Fukushima Daiichi nuclear power plant on March 11, 2011, the outlook for nuclear power has been highly uncertain not only in Japan but also around the world.
Installed capacities of wind power and solar PV have increased with political support (e.g., feedin tariffs) in many countries. Global electricity generation by these two technologies is 370 TWh/y in 2010, and this amount is about 12 times larger than that in 2000 (IEA 2012). Price reductions, particularly for solar PV, have been observed with the increases in installed capacities. However, the speed and level of future cost reductions are uncertain. Furthermore, wind power and solar PV are intermittent electricity supply technologies. Technical measures of, for example, back-up generation capacities, electricity storage, etc. will be required to integrate such intermittent technologies into power systems to large degrees for grid stability, particularly in the case of widespread diffusion of wind power and solar PV. Electricity costs will be increased by such measures for systems integration of wind power and solar PV, and the impacts on diffusion will be large (e.g., Georgilakis 2008; Kassakian et al. 2011) . For the assessment of ambitious climate change mitigation targets, the effects of intermittent electricity supply technologies should be evaluated appropriately.
In this study, impacts of diffusion scenarios for mitigation technology options on evaluations of emission reductions were analyzed by using a global energy systems model, which the authors call DNE21+. A subset of EMF27 scenarios (Kriegler et al. 2013 ) was focused on. In this paper, scenarios in the subset adopted different diffusion scenarios for mitigation technology options, and their impacts were comparatively evaluated through comparison of the scenarios. Furthermore, the effects of model representations regarding intermittency of wind power and solar PV were analyzed. Four kinds of model representations regarding such intermittency were assumed for the DNE21+ model, and the differences in penetration of wind power and solar PVand costs in the integrated energy system were evaluated among the four kinds of model representations.
Section 2 describes the model and scenarios in our analysis, followed by the model results and discussion in Section 3. Section 4 provides a conclusion.
Assessment model
The DNE21+ model (Akimoto et al. 2010 ) is used for the quantitative analysis in this paper. The model is an inter-temporal linear programming model for assessing global energy systems and global warming mitigation. The overview of the DNE21+ model is available in electronic supplementary material.
Diffusion scenarios for mitigation technology options
This paper focuses on the subset of EMF27 scenarios (Kriegler et al. 2013 ) as listed in Table 1 . No CCS deployment is assumed in the without CCS scenario, and no construction of new nuclear power plants beyond those already under construction is adopted for the nuclear phase out scenario. We conducted different cost assumptions for the scenarios regarding wind power and solar PV. Continuous annual cost reductions until 2050 are assumed for wind power (1.0 %/y) and solar PV (3.5 %/y) in the advanced solar and wind power scenario, while slowdowns in annual cost reductions after 2030 are assumed for wind power (0.5 %/y) and solar PV (1.7 %/y) in the constrained solar and wind power scenario. This study seeks the least cost measures under the constraints of these scenarios. That is, equalized marginal CO 2 abatement costs among all countries were assumed.
Model representations regarding renewables intermittency
As described in Section 1, the intermittent nature of wind power and solar PV can be a barrier of penetration for these technologies. In the DNE21+ model, systems integration of wind power and solar PV are represented as follows, taking this issue into consideration.
(1) Capacity credit: There are some literatures that evaluate capacity credits of wind power in the United States and Europe (e.g., Milligan and Porter 2008; Holttinen et al. 2009 ).
The estimated capacity credits of wind power vary widely from approximately a few percent to 40 % by region and utility. It is also observed that there is a correlation between the capacity credit and the penetration level: the capacity credit becomes lower in higher wind power penetration. For example, the higher capacity credits that exceed 30 % are reported with lower wind power penetration (the shares of wind power capacity in peak are lower than 15 %.). When the share of wind power capacity in peak load is 30 %, the capacity credits of wind power range from 5 % to 25 % (Holttinen et al. 2009 ). In addition, the methods used for the evaluation of the capacity credit exist widely by region and utility, such as capacity factor in peak period and equivalent load carrying capacity (ELCC). A Japanese government committee on electricity supply and demand regards the credit of wind power as 0 % because it was sometimes observed that the power supply was almost zero when the peak demands were generated (Japanese government committee on electricity supply and demand 2013). For solar PV, GE Energy (2010) reported that the capacity credit of solar PV is higher than that of wind power based on the study which is focused on the WestConnect group in the United States. In Japan, the capacity credit of solar PV in summer is considered as 16 % (Japanese government committee on electricity supply and demand 2013). However, available studies that evaluate the capacity credit of solar PV are limited compared with wind power.
In the DNE21+ model, four electricity load slices by time are modeled for annual duration curves: instantaneous peak, peak, intermediate, and off peak time periods. The electricity load in off peak corresponds to the base load. At the instantaneous peak, capacity credit is defined as potential power supplies from wind power and solar PV without electricity storage. Although it is desirable to consider the regional variation of capacity credit, available information is limited, particularly for developing countries and concepts for the evaluation of capacity credit are not uniform among regions and utilities. In this paper, the capacity credit of wind power is assumed to be 10 % in all the divided regions. Backup capacities are required to fill the gap at the instantaneous peak. The physical situation for solar and wind energy is different, but the same assumption with wind power is applied to solar PV in this paper.
(2) Grid stability: Capacities of wind power and solar PV without electricity storage are assumed to be limited for the grid stability. In this study, maximum shares in the total electricity supply are assumed to be 10 % both for wind power and PV without electricity storage. Electricity storage systems on the demand side are required for wind power and solar PV to be installed over the assumed maximum shares of 10 %. As additional capacities if wind power and solar PV are deployed with electricity storage, further 20 % of the total electricity supply are assumed to be available from wind power and solar PV in maximum for each. The capital cost of electricity storage is exogenously assumed to be 1600$/kWh (2005)-40$/kWh (2050), presuming rapid technology progress for electricity storage. Theoretically, the maximum share of wind power combined with solar PV in the total electricity generation reaches 60 % (10 % for wind power without storage, 20 % for wind power with storage, 10 % for solar PV without storage and 20 % for solar PV with storage). The recent large regional wind integration studies in the United States (Milligan et al. 2009 ) have evaluated wind energy generates up to 30 % of annual energy demand. The outlook of electricity generation shares of wind power and solar PV is16% and 20 % in 2020 and 2030, respectively, in EU according to the EC communication (EC 2010) . The assumed total maximum share is suitable level for energy system assessment until 2050 considering these targets.
The model representations as above described are set up for a standard case. Furthermore, the following three cases are assumed for analyzing impacts of model representations regarding renewables intermittency in Section 3. For 550 ppm CO 2 eq, emission reduction in energy-related CO 2 is the largest among GHGs, and the reduced energy-related CO 2 emission relative to the baseline is about 30 GtCO 2 /y in 2050. This amount corresponds to 70 % of the required GHGs emission reduction from the baseline. With 450 ppm CO 2 eq, the energy-related CO 2 emission reduction becomes larger, and the reduction amount and share in GHG emission reduction relative to the baseline in 2050 are 42 GtCO 2 /y and 75 %, respectively. The emission reduction in energy-related CO 2 is important for GHG emission reduction, and this importance increases when the achievement of ambitious GHG emission reduction, such as in the case of 450 ppm CO 2 eq, is considered.
Contributions in energy-related CO 2 emission reduction by sector and by technology are shown in Fig. 2 . The used methodology for evaluation of CO 2 emission reduction is provided in electronic supplementary material. The evaluation results are affected by the methodology (Luderer et al. 2012) , so that value in comparison with evaluations in other literature is limited. The large contribution of the electricity generation sector is observed for 550 ppm CO 2 eq and 450 ppm CO 2 eq. Mid-term emission reduction in the electricity generation sector (around 2020-2030) is mainly achieved by "others", which includes coal and gas power plant efficiency improvements and fuel switching from coal to gas. From mid-term to 2050, deep emission reductions due to the use of nuclear power, wind power and solar PV, and CCS are expected. In 2050, emission reductions resulting from the use of these three technologies are 9 GtCO 2 /y, 5 GtCO 2 /y, and 4 GtCO 2 /y, respectively. Diffusion of these technologies plays an important role under the all technologies scenario. Impacts of climate change mitigation technologies on global CO 2 emission reduction relative to EMF27G1 (the baseline with all technologies scenario) and marginal CO 2 abatement cost in 2050 are summarized in Fig. 3 and Table 2 , respectively. Emission reduction due to the use of one weakened technology in the scenario is substituted by the rest of the technologies. For example, the contributions of CCS, wind power and solar PV, and "others" in the electricity generation sector to emission reduction become larger in the nuclear phase out scenario, relative to those in the all technologies scenario. Impacts of such technology substitution on marginal CO 2 abatement cost are significant, as indicated in Table 2 . In 550 ppm CO 2 eq, the marginal CO 2 abatement costs of the without CCS scenario, the nuclear phase out scenario, and the constrained solar and wind power scenario are $285/tCO 2 eq, $192/tCO 2 eq, and $179/tCO 2 eq, respectively. Increase in the marginal CO 2 abatement cost in the without CCS scenario relative to that in the all technologies scenario ($175/tCO 2 eq) is considerably large. One reason for this would be somewhat radical scenario setting. While the without CCS scenario, CCS technology is completely unavailable, wind power and solar PV can be utilized on conditions that the costs of these two technologies are higher in the constrained solar and wind power scenario. The past modeling exercises (e.g., Edenhofer et al. 2010; Tavoni et al. 2011 ) also indicated CCS availability constraints have a huge impact on CO 2 emission reduction. CCS is a broadly applicable technology not only to fossil fuels but also to biomass, so it can contribute to deep CO 2 emission cut. In 450 ppm CO 2 eq, the marginal CO 2 abatement cost is extremely high ($939/tCO 2 eq) even in the all technologies scenario. Such carbon price would be difficult to be accepted in most countries, because climate change mitigation is not the sole policy objective in the real world. Not only R&DD efforts on technologies for emission reduction, approaches for removing technology diffusion barriers will be important policy to achieve such deep emission reduction with relatively lower carbon prices (Akimoto et al. 2012) . Impacts of the availability of low carbon technologies, including CCS, nuclear, and wind power and solar PV on the marginal CO 2 abatement costs are large, and the costs for the three scenarios with a pessimistic diffusion scenario exceed $1000/tCO 2 eq. Those impacts become larger when the required emission reduction level is more stringent. Fig. 1 Global GHG emissions and reductions relative to the baseline with the all technologies scenario by gas for 550 ppm CO 2 eq (left) and 450 ppm CO 2 eq (right)
Impacts of model representations regarding renewables intermittency
In an IPCC special report on renewable energy sources and climate change mitigation (IPCC 2011), distributions of wind power and solar PV electricity shares by climate change mitigation target and by time point were reported based on data gathered from various model exercises. The range of such distributions was large; e.g., the wind power and solar PV share in 2050 is collectively about 5 % to 70 % under the GHG concentration target for stabilization below 535 ppm CO 2 eq. Cost and potential assumptions for wind power, solar PV, and other competitive climate change mitigation technologies are among the key assumptions that influence the diffusion of wind power and solar PV. Furthermore, model representations of systems integration of wind power and solar PV as described in Section 2.2 will also influence such diffusions. In this section, the impacts of such model representations on the evaluation of wind power and solar PV as mitigation technology options are analyzed. Figure 4 shows share of wind power and solar PV in electricity grid and marginal CO 2 abatement cost for the four model representations regarding intermittency of wind power and solar PV. The four model representations of systems integration of wind power and solar PV are applied for the six scenarios. In the all technologies scenario with the standard model representation that is used in Section 3.1, shares of wind power and solar PV in 2050 are 16 % for 550 ppm CO 2 eq and 23 % for 450 ppm CO 2 eq. These shares are almost consistent with the average of the distributions of wind power and solar PV shares in IPCC (2011). Electricity storage systems are installed in order to achieve such high penetration of intermittent renewable generation, especially in the case of solar PV.
Impacts of no consideration for capacity value on the shares of wind power and solar PV are negligible, not only in the all technologies scenario but also in other scenarios. However, it would be still a little too rash to draw conclusions on this issue, because the use of four electricity load slices in our model may result in a succinct representation for the analysis of this issue.
Impacts of no consideration for grid stability on the shares of wind power and solar PV are relatively large. In this model representation, wind power and solar PV are installed without giving consideration to electricity grid operation, if their costs per watt-hour are Fig. 2 Global energy-related CO 2 emissions and reductions relative to the baseline with the all technologies scenario by sector and by technology for 550 ppm CO 2 eq (left) and 450 ppm CO 2 eq (right) competitive with other technologies. In the without CCS scenario and the nuclear phase out scenario, the impacts of no consideration for grid stability become large. In 450 ppm CO 2 eq, shares of wind power and solar PV in 2050 are 46 % for the without CCS scenario and 49 % for the nuclear phase out scenario. This means that nearly half of all electricity is generated by intermittent generation technologies without electricity storage systems. These shares are larger than the 75 percentile of the distributions of wind power and solar PV shares in IPCC a b Fig. 3 Impacts of different diffusion scenarios for mitigation technologies on global CO 2 emission reduction relative to EMF27G1 (baseline with all technologies) in 2050. a 550 ppm CO 2 eq b 450 ppm CO 2 eq (2011). Required marginal CO 2 abatement costs are evaluated as being lower than those in the standard model representation, especially in the nuclear phase out scenario for the 450 ppm CO 2 eq, although impacts of the diffusion scenarios for mitigation technology options are larger than those of the model representation of systems integration of wind power and solar PV.
Regional shares of wind power and solar PV in electricity grid for the United States, EU-27, Japan, Australia, China and India are shown in the electronic supplementary material. The shares of wind power and solar PV in electricity grid are varied by region, according to the difference in the regional cost and potential assumptions for wind power, solar PV, and other competitive technologies. For example, those shares in 550 ppm CO2eq with the standard model representation are varied from 7 % (China) to 30 % (Australia). The share of wind power and solar PV show considerable spread by region and by scenario. In the without CCS scenario, the wind power and solar PV share in Australia reaches 60 % which is the upper limit in the standard model representation, because nuclear power generation is assumed not to be available in Australia and electricity generation tends to rely on renewables for achieving 550 ppm CO 2 eq and 450 ppm CO 2 eq. If grid stability is not considered in the model representation, the wind power and solar PV share rises up to 96 % in Australia in 450 ppm CO 2 eq. In the nuclear phase out scenario, the impacts of the model representations on the share of wind power and solar PV in Japan and China are large among the six regions, because larger expansion of nuclear power generation is expected in the scenario with all technologies. The shares of wind power and solar PV in together for 450 ppm CO 2 eq are 86 % for Japan and 62 % for China if grid stability conditions are not taken into account. Such penetration of wind power and solar PV without electricity storage are quire unrealistic in the real world, but these results are feasible solutions obtained by the model with no consideration for grid stability.
As a sensitively analysis, a case with 20 % maximum shares in total power generation both for wind power and solar PV without electricity storage is evaluated in consideration of the current status in Denmark (Electricity generation by wind power had 20 % share in 2010 (IEA 2012)). Shares of wind power and solar PV of the world are increased by a few percentage points relative to the shares with the standard model representation in Fig. 4(a) , and marginal CO 2 abatement costs are reduced by 2$/tCO 2 eq-8$/tCO 2 eq relative to the costs with the standard model representation in Fig. 4(b) . Taking into account of technological variation for systems integration of wind power and solar PV (electricity storage is not only one solution for grid stability), further detailed investigation would be needed. Impacts of the model representation of systems integration of wind power and solar PVon the evaluation of wind power and solar PV as climate change mitigation measures are analyzed. The model representations will influence the diffusion of wind power and solar PV, and overly simplistic representations will lead to an excessively optimistic evaluation of wind power and solar PV, which have challenges related to intermittency. Global models for evaluation of climate change mitigation usually consider such intermittency-related challenges of wind power and solar PV (Luderer et al. 2013) . However, their model representations regarding the intermittency of wind power and solar PV are succinct in many models at this time point, and their evaluations of wind power and solar PV may be optimistic due to a b Fig. 4 Impacts of model representations regarding intermittency of wind power and solar PV. Note: Marginal CO 2 abatement costs in EMF27G11 are $3398/tCO 2 eq to $3400/tCO 2 eq. a Share of wind power and solar PV in electricity grid (World total) b Marginal CO 2 abatement cost such simplistic model representations. Although a country or regional-level models that treats electricity supply and demand in detailed time intervals have been reported (e.g., Fripp 2012; Komiyama and Fujii 2012) , it is difficult to develop such a detailed global model for various reasons (e.g., lack of required data, such as data on electricity demand and intermittent generation, that can be applied on a global level). However, this complex problem is a key issue that should be considered in realistic evaluations, particularly of ambitious emission reduction scenarios. Future developments in global models for evaluation of climate change mitigation that give appropriate consideration to this issue will be important.
Conclusion
The impacts of different diffusion scenarios for mitigation technology options and of model representations regarding renewables intermittency on evaluations of emission reductions were analyzed. The emission reduction in energy-related CO 2 is essential for ambitious GHG emission reductions. A large contribution of the electricity generation sector in energy-related CO 2 emission reduction is expected in our evaluation. Therefore, impacts of diffusion scenarios of CCS, nuclear power, and renewables (wind power and solar PV), which are mitigation technology options in the electricity generation sector, on marginal CO 2 abatement cost are significant, especially by CCS. CCS is a broadly applicable technology and the impacts on CO 2 emission reduction are huge as indicated in the past model analysis studies (e.g., Edenhofer et al. 2010; Tavoni et al. 2011) . The diffusion of various mitigation technology options is important in order to achieve ambitious emission reduction targets in a cost-effective manner.
For the impacts of intermittency of wind power and solar PV on evaluations of emission reductions, simplistic model representations regarding their intermittency will lead to an excessively optimistic evaluation of wind power and solar PV. Appropriate consideration to the intermittency-related challenges of wind power and solar PV in a global model for evaluation of climate change mitigation will be required to achieve realistic evaluations.
